The objectives of this prospective study were to evaluate the nuclear maturation stage and the presence and location of meiotic spindles of in vivo matured oocytes from infertile women with and without endometriosis (male or tubal causes of infertility) undergoing stimulated cycles for intracytoplasmic sperm injection (ICSI). We also compared the ICSI outcomes among groups. We analyzed the meiotic spindles of oocytes from 36 patients with endometriosis I/II, 24 with endometriosis III/IV, and 60 without endometriosis (male or tubal causes of infertility). The oocytes were imaged using polarization microscopy. There were no differences in the number of oocytes in telophase I (mean 2], respectively, in the endometriosis I/II, endometriosis III/IV, and control groups), and in spindle location among groups. We can conclude from this study that noninvasive analysis of spindles from in vivo matured oocytes of infertile patients with endometriosis did not demonstrate significant differences in terms of the nuclear maturation stage, the percentage of oocytes in metaphase II with visible spindles, and the spindle localization when compared to the control group. However, it is important to state that there are no studies evaluating the accuracy of polarization microscopy for the detection of meiotic anomalies in human oocytes, which would need to be better evaluated in future studies using an appropriate methodology.
Introduction
In the spectrum of endometriosis-related symptoms, one of the most intriguing is the association of the disease with infertility, mainly in cases where there are no mechanical alterations of the reproductive system. Although it has been a controversial issue for decades, various data have supported the concept of decreased fertility in patients with endometriosis.
1,2 The finding of similar implantation rates in oocyte donation cycles for women with endometriosis and controls suggests an important role of oocyte quality in the assisted reproduction outcomes of infertile women with endometriosis. 1, 3, 4 Some studies have suggested that oxidative stress has a potential role in explaining the etiopathogenesis of infertility associated with endometriosis, [5] [6] [7] [8] [9] theoretically promoting an impairment of oocyte quality among these patients. Some alterations in the quality of oocytes may lead to either an impairment of embryo development 10 or a total block of the process, 11 when women with endometriosis are compared to infertile controls.
For the oocyte to be prepared for fertilization, it needs to be mature (at the metaphase II stage) with a morphologically functional meiotic spindle. In a recently published study from our group analyzing in vitro matured oocytes obtained from stimulated cycles of infertile patients with either endometriosis or male/tubal infertility causes, we observed that among those with the first polar body (PB) visualized, patients with endometriosis tended to have a higher percentage of oocytes in telophase I. 12 This finding suggests a potential delay or impairment of meiosis I associated with endometriosis, which may contribute to decreased oocyte quality. However, we highlight the fact that the number of cases presented was small and that the data could not necessarily be extrapolated to in vivo matured oocytes. Because of these findings, we thought it would be of interest to use noninvasive and innocuous methods to analyze this important cellular structure in in vivo matured oocytes from stimulated cycles of infertile women with endometriosis, a study that has not been performed thus far. Such an approach would permit the utilization of the analyzed oocytes in subsequent assisted reproduction techniques (ARTs).
Polarization microscopy permits the observation and characterization of spindles in live oocytes without the necessity of fixation. 13 It is an innocuous method that permits the utilization of the oocytes analyzed for intracytoplasmic sperm injection (ICSI) without compromising subsequent embryonic development. It also permits the identification of the nuclear maturation stage of oocytes and may have clinical utility for predicting embryo quality and fertilization after ICSI. [13] [14] [15] In addition, the identification of the position of the meiotic spindle relative to the first PB may prevent embryologists from damaging this important cellular structure during ICSI. 16 Thus, we evaluated the nuclear maturation stage of in vivo matured oocytes (with the first PB extruded) from women with endometriosis (minimal/mild-stage I/II and moderate/ severe-stage III/IV) and male or tubal causes of infertility (controls) undergoing stimulated cycles for ICSI. We also compared the presence/location of meiotic spindles of in vivo matured oocytes (in metaphase II) from the 3 groups.
Methods

Patients
This prospective case-control study was performed from March 2008 to March 2009 at the in vitro fertilization (IVF) Center of the University Hospital, Department of Gynecology and Obstetrics, Ribeirão Preto Medical School, USP, Brazil. The study was submitted to and approved by the Research Committee. All the participating couples underwent ovulation induction for purposes of ICSI, fulfilled the inclusion criteria, demonstrated a desire to participate in the project, and signed an informed consent form.
Patients aged 38 years, with basal follicle-stimulating hormone (FSH) levels <10 mIU/mL, and body mass index <30 kg/m 2 were included. The women with endometriosis were included after diagnosis by videolaparoscopy according to the protocol of the American Society of Reproductive Medicine, 17 which classifies the disease into 4 stages minimum (stage I), mild (stage II), moderate (stage III), and severe (stage IV). The women included in the control group did not have pelvic diseases associated with infertility, as demonstrated by videolaparoscopy performed as part of the routine investigation of infertility in our service.
Patients with chronic pathologies, users of tobacco or alcoholic beverages, and patients using medications that could interfere with ovarian folliculogenesis or oxidative stress (such as nonsteroidal anti-inflammatory drugs, and corticosteroids) in the 6 months prior to the beginning of ovulation induction were excluded.
A total of 120 patients met the inclusion criteria for the study. Of these, 60 presented with male and/or tubal factors and were designated as the control group, and 60 presented with infertility related to endometriosis (36 with minimal and mild endometriosis and 24 with moderate and severe endometriosis).
Controlled Ovarian Stimulation Protocol
The participating patients underwent pituitary suppression with a gonadotropin-releasing hormone analogue 10 days prior to the basal transvaginal ultrasound (long protocol), with the administration of leuprolide acetate (Lupron, Abott, Brazil). The patients received 100 to 300 IU per day of recombinant FSH (Gonal-F, Serono, Brazil; Puregon, Organon, Brazil) during the first 6 days of induction. When at least 2 follicles reached a mean diameter of 18 mm, recombinant human chorionic gonadotropin (hCG) was administered (Ovidrel, Serono). Oocytes were retrieved 34 to 36 hours after administration of recombinant hCG.
Oocyte Preparation
All the materials aspirated during oocyte retrieval were analyzed to identify and isolate the cumulus-oocyte complexes (COCs). After identification, the COCs were isolated from the follicular fluid, placed on separated plates and then carefully washed with human tubal fluid-HEPES (HTF, Irvine Scientific, Santa Ana, CA, USA) to remove blood and debris. Subsequently, they were placed on Nunc plates (4-well MultiDish, Nunclon, Delta SI, Thermo Scientific, Rochester, NY, USA) filled with HTF culture medium, covered with mineral oil, and subjected to 5% CO 2 gas incubation under ideal temperature (37 C) and humidity (95%) conditions for a period of 2 to 3 hours. After this period, in order to remove the cumulus cells, the COCs were placed in microdrops of 25 mL hyaluronidase (H4272 type IV-S, Sigma, Gillingham, Medway, UK) diluted in 80 IU/mL of HTF/HEPES (Irvine Scientific) for a maximum of 30 seconds and then washed 2 to 3 times with HTF-modified medium (HTF/HEPES, Irvine Scientific) supplemented with 10% synthetic serum substitute (SSS). The mechanical removal of cellular debris was done with a stripper pipette (130 mm denuding pipette, Cook, Melbourne, Australia).
After oocyte denuding, the degree of oocyte maturation was determined using a light microscope. The immature oocytes (germinal vesicle stage or metaphase I) were discarded, and the mature oocytes (morphologically characterized by the presence of the first PB extruded) were incubated in 25 mL of HTF þ 10% SSS for 1 hour (after oocyte denuding) and then analyzed by the OCTAX ICSI Guard system (Medical Technology Vertriebs-GmbH, Altdorf, Germany) immediately before ICSI.
Polarization Microscopy
The spindles of oocytes with the first PB extruded were evaluated using an inverted microscope equipped with a video camera and with the hardware of a polarization microscope, which consisted of electric crystals and an optic-electric controller (OCTAX ICSI Guard system). The electric crystal groups were controlled by the computer through the OCTAX EyeWare software (Medical Technology Vertriebs-GmbH). The oocytes were analyzed at 37 C in 5 mL drops of HTF/ Hepes þ 10% SSS on coated glass bottom Petri dishes (MatTek Corp, Ashland, Massachusetts) and placed on a surface heated to 37 C. In order to control any potential methodological biases due to the nonvisualization of the spindle after oocyte denuding, the procedure was done 2 to 3 hours after retrieval. 18 After denuding, the oocytes were placed on the previously balanced culture plates in the incubator for an additional hour, followed by imaging and ICSI. It is important to state that those oocytes in which the spindle was not observed were rotated to 3 different positions before being marked as lacking a spindle. The oocytes were imaged only once, and rigorous temperature control was maintained in order to minimize environmental changes outside the incubator. A maximum of 7 oocytes were analyzed on each plate because the total time, including the time necessary to analyze the cell spindle by polarization microscopy and ICSI, was 7 minutes or less as recommended by the manufacturer of the OCTAX ICSI Guard system.
The oocytes analyzed by polarization microscopy were characterized according to the nuclear maturation stage (telophase I or metaphase II), the presence or absence of a visible spindle, and the location of the cell spindle relative to the first PB. The oocytes that presented with an elongated cellular spindle perpendicular to the oocyte membrane and extending to the first PB were considered to be in telophase I. The cellular spindles in metaphase II were characterized by the presence of radially distributed birefringent fibers in the shape of a barrel and oriented parallel to the cortical membrane. Because chromosomes are minimally birefringent, they were not properly analyzed by this methodology. The cellular spindle localization was based on the angle formed between this structure and the first PB; the oocytes were divided into 6 groups with spindles, respectively, forming angles of 0 to 30 , 30 to 60 , 60 to 90 , 90 to 120 , 120 to 150 , and 150 to 180 relative to the first PB. At 18 to 19 hours after ICSI, fertilization was analyzed and characterized by the presence of 2 pronuclei and 2 polar bodies (the fertilization rate was calculated for each patient as the number of fertilized oocytes divided by the number of injected oocytes). Cleavage was verified about 24 hours after fertilization with the observation of cellular division (the cleavage rate was calculated for each patient as the number of cleaved embryos divided by the number of fertilized oocytes). At about 44 hours after ICSI (D2), the embryonic quality was analyzed and characterized by the symmetry and number of blastomeres, the percentage of fragmentation, and the presence or absence of multinucleation. Top quality embryos in D2 were defined as having 4 symmetric blastomeres, without fragmentation or multinucleation. We analyzed the percentage of cycles with at least one good quality embryo produced among the groups analyzed.
Statistical Analysis
Data were analyzed considering the patient as the experimental unit of this study. The endometriosis (stages I/II and III/IV) and control groups were analyzed comparatively. Each variable was adjusted to a regression following a particular distribution, according to its characteristics.
The variable oocytes in metaphase II, oocytes in metaphase II with visible spindle, oocytes in metaphase II with spindle in a position between 0 and 30 , number of mature oocytes, number of retrieved oocytes, number of fertilized oocytes, and number of cleaved embryos were characterized as count data and adjusted using a regular Poisson distribution for the comparisons between groups. In contrast, the variable oocytes in telophase I, oocytes in metaphase II with no visible spindle, and oocytes in metaphase II with a visible spindle between 30 and 60 , 60 and 90 , and 90 and 120 , after being characterized as count data, showed values equal to zero in most observations. Thus, these variables were adjusted following a Poisson distribution with an excess of zero (zero-inflated Poisson) and comparisons between groups were then made. Due to the fact that oocytes in metaphase II with the spindle located between 90 and 120 present only 1 observation with nonzero value, the model did not achieve convergence and, therefore, could not be adjusted.
Quantitative continuous variables (age, total FSH dose, length of ovarian stimulation, number of follicles 14-17 mm, number of follicles 18 mm, and endometrium) were analyzed statistically by analysis of variance followed by the Tukey test. The fertilization rate and cleavage rate of the variables were analyzed by binomial regression. All analyses were performed using the PROC GENMOD procedure of the SAS 9.2 software. The level of significance was set at 5% (P < .05) in all analyses.
Results
We analyzed a total of 120 patients who underwent ovarian stimulation for ICSI, 60 with infertility due to male and/or tubal factors (control group), and 60 with infertility related to endometriosis (36 with minimal and mild endometriosis, and 24 with moderate and severe endometriosis). No significant differences were found among the 3 groups analyzed (control, endometriosis I/II, and endometriosis III/IV), regarding median age, length of ovarian stimulation, number of follicles between 14 and 17 mm, number of follicles 18 mm, endometrium, and percentage of cycles producing at least 1 good quality embryo transferred on D2. A significant increase in the total dose of FSH used for ovarian stimulation was observed in patients with advanced endometriosis (stages III/IV; Table 1) .
No significant differences in the median number of oocytes in telophase I ( Figure 1A Table 2 ). We did not observe a significant difference in the number of oocytes in metaphase II with visible ( Figure 1B ) and nonvisible ( Figure 1C ) spindles among the Table 2 ). All patients presented oocytes with a cellular spindle localized between 0 and 120 in relation to the first PB. We did not observe any significant differences in the number of oocytes with cellular spindles localized between 0 and 30 ( Figure 1D ), 30 and 60
( Figure 1E ), and 60 and 90 ( Figure 1F ) among the groups analyzed (Table 2) .
We observed a significant decrease in the number of fertilized oocytes and produced embryos in patients with endometriosis III/IV compared to patients with endometriosis I/II and controls. We also observed lower fertilization rates in this group of patients compared to control and to patients with endometriosis I/II. There was no significant difference in cleavage rate among groups (Table 3) .
Discussion
The mechanisms involved in the etiopathogenesis of infertility related to endometriosis have not been fully elucidated. Lower fertilization and implantation rates in women with endometriosis undergoing ovarian stimulation for ART 1,3,4 might result from decreased oocyte quality. 12 However, we could not find any studies that objectively evaluated markers of oocyte quality SD] ). Fertilization rate: number of fertilized oocytes/number of injected oocytes. Cleavage rate: number of cleaved embryos/number of fertilized oocytes. The level of significance was set at 5% (P < .05). in infertile women with endometriosis using noninvasive methods that permit the clinical use of oocytes in ART. Some studies have shown significant DNA damage and increased microtubule and chromosomal anomalies in mouse oocytes incubated with peritoneal fluid from patients with endometriosis. 19 These results suggest that meiotic anomalies may be related to impaired oocyte quality in patients with endometriosis. It is well established that meiotic abnormalities can contribute to developmental failure through several pathways, ranging from the inability of the oocyte to complete the maturation process, which makes it incapable of being normally fertilized, to the appearance of variable errors in the meiotic maturation process that do not make fertilization impossible but can compromise embryonic development preand/or postimplantation, as well as the future viability of the embryo. [20] [21] [22] On this basis, first of all, we intended to evaluate the nuclear maturation stage of in vivo matured oocytes obtained from stimulated cycles of infertile women with and without endometriosis.
In clinical practice, embryologists perform oocyte denudation before ICSI, and the visualization of the first PB is used as the criterion to classify the oocyte as mature and able to be injected. However, oocytes with the first PB extruded may not have completed meiosis I, being in telophase I instead of metaphase II. 15 We did not detect a higher percentage of telophase I in live in vivo matured oocytes from infertile women with endometriosis compared to control. These data do not corroborate the recent findings from our group, indicating a higher proportion of telophase I in in vitro matured oocytes obtained from stimulated cycles of patients with endometriosis. 12 Thus, the delay or impairment of meiosis I does not seem to be involved in the potential worsening of oocyte quality in in vivo matured oocytes obtained from stimulated cycles of patients with infertility related to endometriosis.
Some authors 15 have shown that apparently mature oocytes (with the first PB visible) that were actually in telophase I according to analysis by polarization microscopy presented significantly lower fertilization rates when compared to oocytes that had completed meiosis I (15.8% vs 80%, respectively). Although in the present study we observed a significant reduction in the number of fertilized oocytes and produced embryos, and lower fertilization rates in patients with endometriosis III/IV compared to patients with endometriosis I/II and to controls, these did not seem to be related to the stage of oocyte maturation since we did not detect a significant difference in the percentage of oocytes in telophase I between the groups studied.
Another objective of the present study was to compare the visualization and localization of metaphase II meiotic spindles between infertile women with endometriosis (stages I/II and III/IV) and controls. In this study, the meiotic spindle was visualized in almost 90% of the total number of oocytes examined, in agreement with literature data, where the visualization of the cellular spindle ranged from 62.8% to 91%. 23, 24 The high percentage of oocytes with visible cellular spindles observed in the 3 groups analyzed in this study can be attributed to rigorous methodological control, including incubating oocytes for 1 hour after denuding and adequate control of ambient conditions (maintenance of ideal temperature and pH, short time during which oocytes were exposed to light or left outside incubation during the analyses). 25 We did not observe a significant difference in the percentage of oocytes in metaphase II with visible and nonvisible spindles between patients with endometriosis I/II, those with endometriosis III/ IV, and controls. We also did not observe a significant difference in the localization of the cell spindle between groups. All the oocytes with visible spindles presented this structure localized between 0 and 120 in relation to the first PB, with almost 80% localized between 0 and 30 . Studies have evaluated the angle formed between the PB and the cellular spindle and have concluded that when the angle does not exceed 90 , there are no effects on the fertilization rates of these oocytes. 24, 26 According to our results, we suggest that the localization of the oocyte spindle in anomalous positions in patients with endometriosis may not be the responsible for the poor oocyte quality.
We can conclude from this study that the noninvasive analysis of spindles of in vivo matured oocytes from infertile patients with mild (stages I and II) and advanced (stages III and IV) endometriosis, and without endometriosis undergoing stimulated cycles for ICSI did not demonstrate significant differences between groups in terms of the nuclear maturation stage, the percentage of oocytes in metaphase II with visible spindles, and the spindle localization. However, it is important to state that there are no studies evaluating the accuracy of polarization microscopy for the detection of meiotic anomalies in human oocytes (by comparing noninvasive analyses with invasive analyses after immunostaining for morphological visualization of both microtubules and chromatin by highperformance confocal microscopy). Thus, although no differences were observed in the percentage of oocytes in metaphase II with visible spindles between infertile women with and without endometriosis, we cannot conclude that the percentage of meiotic anomalies in in vivo matured oocytes was similar for the 2 groups.
